All relevant data are within the paper.

Introduction {#sec005}
============

An increasing number of small renal masses are detected with modern cross-sectional imaging \[[@pone.0122019.ref001]\]. Thus, the frequency of nephron sparing surgery, such as partial nephrectomy (PN), has increased. At the same time, complete resection of the renal mass and preservation of renal function is of the utmost importance. As a result, accurate measurement of a renal mass is required, and many studies have been conducted

There have been several studies comparing radiologic tumor size (RTS) and pathologic tumor size (PTS) in renal cell carcinoma (RCC) \[[@pone.0122019.ref002]--[@pone.0122019.ref004]\]. Although there have been slightly different findings in each study, the RTS of clear cell RCC was overestimated by 0.23 cm to 0.97 cm compared to PTS \[[@pone.0122019.ref002], [@pone.0122019.ref005], [@pone.0122019.ref006]\]. Recently, there have been several efforts to measure the renal tumor volume. Thiel et al. measured pathologic tumor volume (PTV) in RCC by an ellipsoid formula using three measurements from the pathologic report \[[@pone.0122019.ref007]\]. Aerten et al. measured radiologic tumor volume (RTV) in RCC with a medical imaging post-processing system \[[@pone.0122019.ref008]\]. Secil et al. calculated RTV using the conventional method of multiplication of three sizes of the tumor on computed tomography (CT) images, and they also measured RTV by using a post-processing workstation which enabled three-dimensional (3D) image processing \[[@pone.0122019.ref009]\]. With the advent of these methods, there have also been several studies investigating the correlation between RTV and survival in RCC patients \[[@pone.0122019.ref009], [@pone.0122019.ref010]\].

Judging from previous studies comparing RTS and PTS, the RTV is expected to overestimate the PTV. However, there have been no studies that compare RTV and PTV after renal surgery in RCC patients. Thus, we investigated the correlation between RTV via preoperative CT images and PTV in surgical specimens according to tumor size, histologic subtype and Fuhrman grade in patients who received radical or partial nephrectomy for RCC.

Materials and Methods {#sec006}
=====================

Patients {#sec007}
--------

This retrospective study was approved by the Samsung Medical Center (SMC) institutional review board. IRB file number is SMC 2014-03-127-003. Records and informations of patients were anonymized and deidentified prior to analysis. The medical records and images of patients treated by radical nephrectomy (RN) or PN from March 2001 to December 2012 were reviewed. Patients whose preoperative CT images were taken within 28 days of renal surgery were included in this study. Patients who exhibited multiple, bilateral, or cystic renal masses on preoperative CT were excluded.

CT protocol {#sec008}
-----------

CT scans were performed by using one of five multidetector units (LightSpeed QX/I, LightSpeed Ultra8, LightSpeed Ultra16, and LightSpeed VCT, GE Medical System, Milwaukee, Wis; Brilliance 40, Philips Medical Systems, Cleveland, Ohio). The parameters for the unenhanced and contrast-enhanced examinations included 0.625--5 mm collimation, pitch of 0.750--0.984, reconstructed section thickness of 3--5 mm, 120 kVp, and 180--240 mAs\[[@pone.0122019.ref011]\]. Contrast-enhanced CT scans were obtained after intravenous injection of 120 ml of nonionic contrast medium at a rate of 2.5--3.0 ml/sec by using a power injector. The kidney CT protocol included an unenhanced CT and two-phase contrast-enhanced CT in which images were obtained 30 seconds (arterial phase) and 3 minutes (venous phase) after bolus contrast material injection.

Measurement of tumor size and volume {#sec009}
------------------------------------

All CT images were evaluated by two experienced radiologists. RTS was defined as the maximal tumor diameter in preoperative CT images. Pathologic assessment were done by one experienced pathologist. PTS was defined as the maximal tumor diameter from the postoperative pathologic results.

Previously, we reported the measurement of kidney volume in normal individuals and patients with RCC using a segmentation tool program \[[@pone.0122019.ref012], [@pone.0122019.ref013]\]. Cross-sectional CT images of a preoperative venous phase were exported to Xelis software (Infinitt, Seoul, South Korea). First, a threshold of greater than 50 HU was chosen. Second, after the observer had manually rendered the tumor area, the software automatically calculated 3D tumor volume ([Fig. 1](#pone.0122019.g001){ref-type="fig"}). RTV was independently measured by two urologists who were blinded to patient information. PTV was measured using an ellipsoid formula (π/6 × height × length × width) from the pathologic result. Patients were excluded from the study if any one of three values regarding tumor size were missing (ex, 4.0 × 3.4 cm).

![Measurement of tumor volume and gross specimen.\
(A) Tumor in the right kidney on CT scan. (B) Delineation between tumor and surrounding normal parenchyma (dark blue). (C) 3D tumor volume (dark blue). (D) Tumor in the right kidney (dark brown).](pone.0122019.g001){#pone.0122019.g001}

Assessment {#sec010}
----------

Baseline characteristics of patients such as age, sex, body mass index (BMI), creatinine, Modification of Diet in Renal Disease-Glomerular filtration rate (MDRD-GFR) \[[@pone.0122019.ref014]\], tumor side, surgery type, histologic subtype, pathologic T stage, RTS and PTS were investigated. RTV and PTV were compared by PTS (\< 4 cm, 4--7 cm, 7--10 cm, and \> 10 cm) and histologic subtype (clear cell and non-clear cell). The scatter plot and linear regression line of the RTV and PTV were analyzed in all patients and compared by PTS and histologic subtypes. The correlation between the inter-quartile range (IQR) of the RTV and Fuhrman nuclear grade was also investigated.

Statistical Analysis {#sec011}
--------------------

Data for continuous variables were expressed as mean ± standard deviation and compared using the Student's t-test. Data for categorical variables were expressed as the number of times (percentage) and compared using Pearson's chi-square test. The comparison between tumor size and volume was performed using the paired t-test. Statistical significance was defined as p \< 0.05. Correlation analyses were performed using the Pearson's correlation coefficient. All data analysis was performed with SPSS statistical software (Statistical Product and Services Solutions, version 20.0, Chicago, IL, USA).

Results {#sec012}
=======

A total of 482 patients were included in this study. The baseline characteristics of the patients are shown in [Table 1](#pone.0122019.t001){ref-type="table"}. The mean age was 54.9 years (range, 3--86 years), and there were 347 men (72.0%) and 135 women (28.0%). Among these subjects, 304 (63.1%) received RN, and 178 (36.9%) underwent PN. Among the different types of surgeries performed, 148 (28.6%) patients underwent open RN, 89 (18.5%) underwent open PN, 83 (17.2%) had a laparoscopic RN, 36 (7.5%) had a laparoscopic PN, 83 (17.2%) had hand-assisted laparoscopic RN, 19 (3.9%) had hand-assisted laparoscopic PN and 34 (7.1%) had robot-assisted laparoscopic PN. The most common histologic subtype was clear cell (83.6%) and the most common pathologic T stage was T1 (72.8%).

10.1371/journal.pone.0122019.t001

###### Baseline characteristics.

![](pone.0122019.t001){#pone.0122019.t001g}

  Feature                      Mean ± SD or n (%)
  ---------------------------- --------------------
  Age (years)                  54.9 ± 11.9
  Sex                          
    Male                       347 (72.0)
    Female                     135 (28.0)
  BMI (kg/m^2^)                24.7 ± 3.3
  Creatinine (mg/ml)           0.95 ± 0.33
  MDRD-GFR (ml/min/1.73m^2^)   87.6 ± 25.5
  Tumor side                   
    Right                      227 (47.1)
    Left                       255 (52.9)
  Surgery type                 
      Radical nephrectomy      304 (63.1)
      Partial nephrectomy      178 (36.9)
  Histology                    
      Clear cell               403 (83.6)
      Papillary                28 (5.8)
      Chromophobe              46 (9.5)
      Unclassified             5 (1.0)
  Pathologic T stage           
  T1                           351 (72.8)
  T2                           42 (8.7)
  T3                           84 (17.4)
  T4                           5 (1.0)
  RTS (cm)                     5.00 ± 2.92
  PTS (cm)                     4.84 ± 2.95

BMI, body mass index; MDRD, Modification of Diet in Renal Disease; GFR, Glomerular filtration rate; RTS, renal tumor size; PTS, pathologic tumor size.

The mean RTS was 5.00 cm (range, 1.0--17.0 cm) and the mean PTS was 4.84 cm (range, 0.9--16.0) (p\<0.001). In addition, when the PTS was \< 4 cm, the mean RTS (2.7 cm) and mean PTS (2.5 cm) were statistically different (p\<0.001). When the PTS was 4--7 cm, the mean RTS (5.3 cm) and mean PTS (5.0 cm) were also statistically different (p\<0.001). However, when the PTS was 7--10 cm, the mean RTS (8.0 cm) and mean PTS (8.0 cm) were not statistically different (p = 0.990), and when the PTS was ≥ 10 cm, the mean RTS (11.3 cm) and mean PTS (11.6 cm) were not statistically different either (p = 0.359).

Among all patients, the mean RTV and mean PTV was 79.0 cm^3^ (range, 0.4--723.7) and 76.9 cm^3^ (range, 0.3--748.8 cm^3^), respectively (p = 0.393), demonstrating no significant difference. But, when the PTS was \< 4 cm, the mean RTV and mean PTV was 10.9 cm^3^ and 7.1 cm^3^, respectively (p\<0.001). Also, when the PTS was 4--7 cm, the mean RTV and mean PTV was 56.0 cm^3^ and 44.7 cm^3^, respectively (p\<0.001). However, when the PTS was 7--10 cm or ≥ 10 cm the mean RTV and mean PTV were not statistically different (p = 0.637, p = 0.180, respectively).

Among the patients with clear cell RCC, the mean RTV (79.9 cm^3^) was larger than the mean PTV (74.8 cm^3^) (p = 0.042). When the PTS was \< 4 cm, the mean RTV and mean PTV was 11.7 cm^3^ and 7.1 cm^3^, respectively (p\<0.001). Also, when the PTS was 4--7 cm, the mean RTV and mean PTV was 59.3 cm^3^ and 45.6 cm^3^, respectively (p\<0.001). However, when the PTS was 7--10 cm or ≥ 10 cm the mean RTV and mean PTV were not statistically different (p = 0.881, p = 0.480, respectively). However, in patients with a non-clear cell histologic subtype, the mean RTV (74.5 cm^3^) was smaller than the mean PTV (88.1 cm^3^), but there was no statistically significant difference (p = 0.055) and when analyzed by PTS, there was no statistically significant difference either (p\>0.05) ([Table 2](#pone.0122019.t002){ref-type="table"}).

10.1371/journal.pone.0122019.t002

###### RTV and PTV by PTS and histologic subtype.

![](pone.0122019.t002){#pone.0122019.t002g}

                   N     RTV (cm^3^)     PTV (cm^3^)     *P* value
  ---------------- ----- --------------- --------------- -----------
  Total            482   79.0 ± 118.4    76.9 ± 128.2    0.393
      PTS (cm)                                           
          \< 4     222   10.9 ± 9.9      7.1 ± 6.1       \< 0.001
          4--7     153   56.0 ± 31.4     44.7 ± 24.0     \< 0.001
          7--10    63    165.4 ± 61.1    169.3 ± 70.6    0.637
          ≥ 10     44    378.7 ± 137.0   409.3 ± 141.5   0.180
  Clear cell       403   79.9 ± 119.9    74.8 ± 127.4    0.042
      PTS (cm)                                           
          \< 4     190   11.7 ± 10.3     7.1 ± 6.0       \< 0.001
          4--7     128   59.3 ± 31.5     45.6 ± 23.9     \< 0.001
          7--10    52    176.1 ± 60.5    174.8 ± 67.3    0.881
          ≥ 10     33    400.8 ± 140.0   419.6 ± 157.1   0.480
  Non-clear cell   79    74.5 ± 111.1    88.1 ± 132.6    0.055
      PTS (cm)                                           
          \< 4     32    6.5 ± 6.1       6.8 ± 7.0       0.701
          4--7     25    39.1 ± 25.5     40.2 ± 24.8     0.734
          7--10    11    115.1 ± 33.2    143.5 ± 83.1    0.208
          ≥ 10     11    312.4 ± 107.6   378.3 ± 75.8    0.156

RTV, renal tumor volume; PTV, pathologic tumor volume; PTS, pathologic tumor size.

The RTV and PTV had a statistically significant strong positive linear correlation in all patients (p\<0.001, r = 0.911). [Fig. 2](#pone.0122019.g002){ref-type="fig"} shows scatter plots and linear regression lines of RTV and PTV by PTS. When the PTS was \< 4 cm, RTV and PTV had a statistically significant strong positive linear correlation (p\<0.001, r = 0.808), and when the PTS was 4--7 cm, RTV and PTV had a statistically significant strong positive linear correlation (p\<0.001, r = 0.768). When the PTS was 7--10 cm, RTV and PTV had a statistically significant moderate positive linear correlation (p\<0.001, r = 0.522), and when the PTS was ≥ 10 cm, the RTV and PTV had a statistically significant moderate positive linear correlation (p\<0.001, r = 0.428).

![Scatter plots and linear regression lines of RTV and PTV by PTS.\
(A) PTS \< 4 cm, (B) PTS 4--7 cm, (C) PTS 7--10 cm, (D) PTS ≥ 10 cm.](pone.0122019.g002){#pone.0122019.g002}

When the RTV and PTV were compared according to the tumor pathologic subtype there was a statistically significant strong positive linear correlation (p\<0.001, r = 0.918) for clear cell RCC and non-clear cell RCC (p\<0.001, r = 0.885).

In the analysis of the Fuhrman nuclear grade according to the IQR of the RTV, when the IQR of the RTV was classified by \< first quartile, first---second quartile, second---third quartile and ≥ third quartile, the distribution of Fuhrman grade I was 8 (6.7%), 2 (1.6%), 3 (2.5%) and 1 (0.9%), respectively, the distribution of Fuhrman grade II was 56 (47.1%), 46 (37.7%), 36 (30.3%) and 12 (10.3%), respectively, the distribution of Fuhrman grade III was 51 (42.9%), 69 (56.6%), 72 (60.5%) and 71 (61.2%), respectively, and the distribution of Fuhrman grade IV was 4 (3.4%), 5 (4.1%), 8 (6.7%) and 32 (27.6%), respectively. As the quartile of the RTV increased, the percentage of Fuhrman grade I and II tumors decreased and Fuhrman grade III and IV tumors increased. Thus, as the quartile of the RTV increased, the Fuhrman grade also increased (p\<0.001).

Discussion {#sec013}
==========

This study compared the RTV and PTV in RCC patients according to PTS and histologic subtype, and also investigated the correlation between RTV and Fuhrman nuclear grade. Although there have been several studies comparing the RTS and PTS, there has not yet been an established consensus on the correlation between RTS and PTS. Some studies have reported that the RTS significantly overestimated PTS by 0.1 cm to 0.31 cm \[[@pone.0122019.ref002], [@pone.0122019.ref015], [@pone.0122019.ref016]\]. However, in another study, there were no significant difference between RTS and PTS \[[@pone.0122019.ref017]--[@pone.0122019.ref019]\]. In this study, the mean RTS (5.00 cm) was overestimated by 0.16 cm compared with the mean PTS (4.83 cm), which supports the results of the abovementioned studies. However, tumor size is a one-dimensional measurement and the above studies are limited in their assessment of tumor size due to the variable three-dimensional shape of renal tumors, thus emphasizing the importance of a volumetric method to measure the difference between RTV and PTV as done here.

PTV can be difficult to measure with a high degree of precision. In some studies the PTV was calculated using an ellipsoid formula \[[@pone.0122019.ref007], [@pone.0122019.ref010]\], which is also the method employed in this study. Measurements of renal masses that are not exact ellipsoids and will vary from this approximation to some extent, but to a lesser degree than for a one-dimensional measurement. Similarly, the RTV can also be difficult to accurately measure. Secil et al. calculated the RTV by the conventional method of multiplying three sizes of the tumor on CT images using an ellipsoid formula \[[@pone.0122019.ref009]\], which suffers from the same limitations mentioned above. They also measured the RTV using a post-processing ViewForum workstation (Philips, Eindhoven, Netherlands) with 3D image processing, including a volume analysis. However, they did not compare these two different volume measuring methods. Aerten et al. measured RTV using a medical imaging post-processing system for volumetric measurements based on MeVisLab software (MeVis Medical Solutions, Bremen, Germany) \[[@pone.0122019.ref008]\]. RTV was measured in this study from cross-sectional images of a preoperative CT scan using Xelis software (Infinitt, Seoul, South Korea), which can render 3D and calculate RTV easily. This method may offer a more accurate measure of volume regardless of tumor shape. To our knowledge, the current study is the first to show a comparison of the RTV and PTV of renal cell carcinoma according to tumor size and histology subtype.

In this study, the mean RTV and mean PTV were not significantly different, and the RTV and PTV demonstrated a significant strong positive linear correlation in all patients. However, when analyzed according to PTS, the mean RTV was larger than the mean PTV in patients with a PTS \< 4 cm and 4--7 cm by 3.8 cm^3^ and 11.3 cm^3^, respectively. A decrease of the PTV in patients with a PTS \< 7 cm is explained by tumor shrinkage secondary to vasoconstriction after artery occlusion or blood loss during the operation or after surgery \[[@pone.0122019.ref017]\]. However, for patients with a PTS ≥7 cm, the RTV and PTV showed a significant positive linear correlation and there was no statistical difference in volume. Large tumor size is associated with tumor necrosis \[[@pone.0122019.ref020]\], and a significant degree of tumor necrosis is associated with decreased tumor perfusion \[[@pone.0122019.ref021]\]. Necrosis in large tumors that results in decreased blood perfusion may cause the 3D reconstruction program to exclude those areas from the renal mass measurement taken during venous phase enhancement. Based on the current findings, the calculation of tumor volume was affected by tumor shrinkage after surgery and nonfunctioning necrotic areas. Thus, preoperative RTV is only a reflection of the biologically active portion of the renal mass compared to the postoperative PTV.

When analyzed by histologic subtype, the mean RTV was larger than the mean PTV in the clear cell subtype by 5.1 cm^3^, and when analyzed according to PTS, the mean RTV was larger than the mean PTV in patients with a PTS \< 4 cm and 4--7 cm by 4.6 cm^3^ and 13.7 cm^3^, respectively. However, in the non-clear cell subtype, there was no statistical difference. Lee et al. also reported that the mean RTS was significantly larger than the PTS in the clear cell subtype \[[@pone.0122019.ref018]\]. This could be influenced by the findings that the clear cell subtype shows more enhancement by CT imaging and has increased vascularity compared to other subtypes \[[@pone.0122019.ref022], [@pone.0122019.ref023]\]. Preoperative increased blood supply could result in increased RTV. In addition, a higher degree of tumor shrinkage after the operation occurred in clear cell RCC, which would also increase the difference in mean RTV and PTV in this subtype.

Secil et al. reported that when the renal mass in 46 nephrectomy patients was divided by tumor volume, low-grade tumors (Fuhrman grade I + II) accounted for 69.7% of masses, while high-grade tumors (Fuhrman grade III + IV) accounted for 23.1%, according to a tumor volume ≤ 110 cm^3^. When tumor volume was \> 110 cm^3^, 30.3% of tumors were low grade (Fuhrman grade I + II), while 76.9% were high grade (Fuhrman grade III + IV) \[[@pone.0122019.ref009]\]. The results of this study also revealed that as the RTV quartile increased, the Fuhrman grade increased for all patients.

This study had some limitations. First, this study was retrospective in nature and a single institution analysis, and thus is subject to the bias that is associated with these study types. Second, there was no standard method to measure tumor volume for the different types of programs. Finally, a sub-analysis was not performed for non-clear cell histology due to the relatively small number of cases.

Conclusions {#sec014}
===========

By using a 3D rendering program, RTV could be measured easily. For a PTS less than 7 cm, the RTV significantly overestimated PTV. In RCCs of the clear cell type, the RTV was significantly larger than the PTV. However, there was a significant positive linear correlation between RTV and PTV. In addition, RTV correlated with pathologic grade. Thus, RTV could be used as an indicator of renal mass aggressiveness preoperatively. Although there were several limitations with the tumor volumetric measuring method, the methods used here and the results will significantly contribute to the study of renal tumor volume.
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